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In meiosis, telomeres attach to the inner nuclear
membrane (INM) and drive the chromosome move-
ment required for homolog pairing and recombina-
tion. Here, we address the question of how telomeres
are structurally adapted for the meiotic task. We
identify a multi-subunit meiotic telomere-complex,
TERB1/2-MAJIN, which takes over telomeric DNA
from the shelterin complex in mouse germ cells.
TERB1/2-MAJIN initially assembles on the INM
sequestered by its putative transmembrane subunit
MAJIN. In early meiosis, telomere attachment is
achieved by the formation of a chimeric complex of
TERB1/2-MAJINandshelterin. The chimeric complex
matures during prophase into DNA-bound TERB1/2-
MAJIN by releasing shelterin, forming a direct link
between telomeric DNA and the INM. These hierar-
chical processes, termed ’’telomere cap exchange,’’
are regulated by CDK-dependent phosphorylation
and the DNA-binding activity of MAJIN. Further,
we uncover a positive feedback between telomere
attachment and chromosome movement, revealing
a comprehensive regulatory network underlying
meiosis-specific telomere function in mammals.INTRODUCTION
The ends of eukaryotic chromosomes, telomeres, are composed
of a tandem array of short repeat DNA, (TTAGGG)n in verte-
brates, which is bound by an evolutionary conserved DNA-bind-
ing protein complex named shelterin. The primary function of
shelterin is to protect telomeres from the aberrant activation of
the DNA damage response. Without the protective function
of shelterin, chromosome-ends are degraded, leading to check-
point activation, irreversible growth arrest, and ultimately,
apoptosis. Therefore, the binding of shelterin to telomeric DNA
is a universal process in eukaryotic cells, the so-called protective
cap of chromosomes (Palm and de Lange, 2008).1252 Cell 163, 1252–1266, November 19, 2015 ª2015 Elsevier Inc.Meiosis is a specialized cell division for gametogenesis in
which haploid cells are produced through two successive
rounds of cell divisions following a single round of DNA replica-
tion. Errors in meiosis are a leading cause of human disease,
such as congenital birth defects and miscarriages (Hassold
and Hunt, 2001). During meiotic prophase I, cells establish asso-
ciations between homologous chromosomes (homologs) to ex-
change their genetic codes and, more crucially, to correctly
divide the homologs in the following cell division steps. To this
end, chromosomes are tethered to the inner nuclear membrane
(INM) through telomeres (or, as an exception, pairing centers in
nematodes) and move along the INM throughout prophase I.
At the INM, telomeres associate with the transmembrane linker
of nucleoskeleton and cytoskeleton (LINC)-complex, which is
composed of SUN-KASH domain proteins. The SUN domain
protein interacts with telomeres at the INM, whereas the KASH
domain protein interacts with cytoplasmic motors at the outer
nuclear membrane (ONM). This transmembrane-linkage trans-
duces cytoskeletal forces to telomeres and drives chromosome
movements (Hiraoka and Dernburg, 2009; Link et al., 2015; Starr
and Fridolfsson, 2010). The chromosome movement not only
gathers the correct homologs together, but also resolves un-
wanted entanglements between non-homologs, ensuring the
correct homolog pairing and recombination (Koszul and Kleck-
ner, 2009; Storlazzi et al., 2010).
While telomeres build the chromosome movement apparatus
duringmeiotic prophase I (Shibuya andWatanabe, 2014), the un-
derlyingmolecular architecture remains largely elusive. Accumu-
lating evidences suggest that meiotic telomeres are decorated
with the shelterin complex as telomeres in somatic cells (Scher-
than et al., 2000; Siderakis and Tarsounas, 2007) and the ‘‘linker’’
proteins, Bqt1/2 (fission yeast), Ndj1 (budding yeast), and TERB1
(mammals) connect shelterin with the LINC-complex (Chika-
shige et al., 2006; Chua and Roeder, 1997; Conrad et al., 1997,
2008; Scherthan et al., 2007; Shibuya et al., 2014a; Trelles-
Sticken et al., 2000).
At the same time, there have been several findings sugges-
tive of fundamental structural reformations taking place at
meiotic telomeres in higher eukaryotes. Early electron micro-
scopic (EM) observations in rodent and human spermatocytes
recognized a characteristic chromosome-INM fusion structure,
termed the telomere attachment plate (Alsheimer et al., 1999;
Figure 1. Identification of MAJIN and TERB2
(A) Tissue-specific expressions ofMajin (1700123I01RIK) and Terb2 (4933406J08RIK) mRNAs. NIH 3T3 is a mitotically rounding fibroblast cell line. GAPDH is a
loading control.
(B) WT spermatocytes expressing GFP-MAJIN or GFP-TERB2 stained with the indicated antibodies.
(C) Yeast two-hybrid interactions between full length TERB1, MAJIN, and TERB2. The pair of p53-T serves as a positive control.
(D) Schematic of interaction domains as defined by the yeast two-hybrid assays shown in Figure S1D. TRFH, TRF-homology domain; TRFB, TRF1-binding
domain; MYB, MYB-like domain; N terminus, SUN1-binding domain; TM, transmembrane domain.
(E) Immunoprecipitates from mouse testis-chromatin extracts with TERB1 antibody or control IgG, immunoblotted with the indicated antibodies. Silver-stained
gel and results of mass spectrometry are shown in Figures S1A and S1B.
(F) WT spermatocytes stained with the indicated antibodies. Immunostainings of fetal oocytes are shown in Figure S1E. Scale bars, 5 mm.
See also Figure S1.Esponda and Gime´nez-Martin, 1972; Holm and Rasmussen,
1977; Woollam et al., 1967). EM in situ hybridization assays
using murine spermatocytes revealed that telomeric DNA is
embedded in the attachment plate (Liebe et al., 2004), suggest-
ing that telomeric DNA might be compacted and physically
integrated into the lipid bilayer. However, the proteinaceous
or membranous elements comprising the structures remain to
be discovered.
In this study, we have identified meiosis-specific telomere
and INM-binding proteins, telomere repeat-binding bouquet
formation protein 2 (TERB2) and membrane-anchored junction
protein (MAJIN), which form a complex with TERB1. TERB1/2-
MAJIN establishes telomere attachment to the INM by taking
over the telomeric DNA from shelterin and, concomitantly,
develops the telomere attachment plate. Our results highlight
elaborate molecular cross-communications between the lipid
bilayer and chromatin and offer a plausible mechanism by which
the transmembrane DNA binding protein dictates telomere-INM
fusion.CRESULTS
Identification of MAJIN and TERB2
To identify proteins that construct the membrane-integrated
telomere structures in meiosis, we analyzed TERB1 immunopre-
cipitates from mouse testis extracts by a mass spectrometry
(Figures S1A and S1B). Among the proteins identified, we found
two uncharacterized proteins, coded by 1700123I01Rik and
4933406J08Rik, which were expressed specifically in germline
tissues (Figure 1A). Their GFP-fusion proteins localized to the
meiotic telomeres when expressed in live-mouse testes (Fig-
ure 1B). Notably, GFP-1700123I01RIK showed additional locali-
zation on the whole nuclear envelope (Figure 1B). Both proteins
are widely conserved in vertebrate species (Figure S1C). We
named these proteins MAJIN (membrane-anchored junction
protein, 1700123I01Rik) and TERB2 (telomere repeat-binding
bouquet formation protein 2, 4933406J08Rik).
Yeast two-hybrid analyses detected interactions between
MAJIN and TERB2 and also between TERB2 and TERB1ell 163, 1252–1266, November 19, 2015 ª2015 Elsevier Inc. 1253
(Figures 1C and S1D, summarized in 1D). Further, immunoblot-
ting the TERB1 immunoprecipitates indicated that TERB1 forms
a complex with MAJIN and TERB2 in vivo (Figure 1E). Consis-
tently, both endogenous MAJIN and TERB2 localize to meiotic
telomeres throughout prophase I and disappear in metaphase I
(Figures 1F and S1E), as does TERB1 (Shibuya et al., 2014a),
leading to the conclusion that MAJIN and TERB2 are meiotic
telomere-associating proteins.
MAJIN-TERB2 Is Indispensable for Meiotic
Chromosome Movement
To address their functions, we raised knockout mice for Majin
and Terb2, utilizing the gene-trap ES-cell lines (Figures S2A–
S2C). The homozygous mice (Majin/ and Terb2/) lacking
the protein expressions displayed no overt somatic phenotype
but were completely infertile and possessed degenerated germ-
line tissues (Figures 2A and 2B). Histological analyses revealed
the absence of post-meiotic cells in mutant gonads, suggesting
that both MAJIN and TERB2 are essential for meiotic progres-
sion (Figures 2A and 2B).
Inspection of the cellular phenotypes ofMajin/ and Terb2/
revealed that homologous synapsis, which is defined by the
loading of the synaptonemal complex protein SYCP1 onto the
lateral element (LE) of SYCP3, was severely impaired, leading
to cell-cycle arrest in zygotene (partial SYCP1) stage (Figures
2C and S2E). The number of TRF1 foci remained large in mutant
spermatocytes, implying that homolog pairing was largely
impaired also at the telomeric regions (Figure 2D).
Since the accumulation of meiotic LINC-complex, SUN1-
KASH5, to the telomere attachment site is required for meiotic
chromosome movement and subsequent homolog pairing and
synapsis (Ding et al., 2007; Horn et al., 2013), we suspected
that this process is disturbed in the absence of MAJIN-TERB2.
In fact, SUN1-KASH5 no longer accumulated at telomeres, but
rather aggregated to the nuclear surface near the centrosome
in mutant spermatocytes (Figures 2E and S2F). These aggrega-
tions were no longer detectable after detergent treatment,
suggesting that SUN1-KASH5 loses its tight association with
chromatin (Figure S2G). Time-lapse observations of live-sper-
matocytes revealed an almost complete cessation of rapid-chro-
mosome movement in Majin/ and Terb2/ spermatocytes
(Figure 2F) as we observed previously in Terb1/ and Sun1/
spermatocytes (Shibuya et al., 2014a). Thus, we conclude that
MAJIN-TERB2 plays a crucial role in assembling SUN1-KASH5
at telomeres and, thereby, in achieving meiotic chromosome
movement.
MAJIN Locally Limits TERB1/2 Assembly on the INM
Since the meiotic phenotypes of Majin/ and Terb2/ largely
mimic those of Terb1/ (Figure 2) (Shibuya et al., 2014a), and
they form a complex in vivo (Figures 1 and S1), they might func-
tion in cooperation at meiotic telomeres. To explore the relation-
ships among TERB1, TERB2, and MAJIN, we inspected their
localization hierarchy at meiotic telomeres in each mutant testis.
In wild-type leptotene spermatocytes, telomeres are only partly
localized at the nuclear periphery, and TERB1, TERB2, and
MAJIN accumulated only to those telomeres, but not telomeres
at the nuclear internal domain (Figure 3A). Strikingly, thesemem-1254 Cell 163, 1252–1266, November 19, 2015 ª2015 Elsevier Inc.brane-oriented assemblies were disturbed in Majin/, leading
to uniform distributions of TERB1 and TERB2 at telomeres,
including internal ones (Figure 3A). In contrast, in Terb1/,
both TERB2 and MAJIN were completely absent from telomeres
(from both peripheral and internal domains) (Figure 3A) and local-
ized to the entire INM, which can be detected by a sensitive
assay using GFP-fusion protein expression (Figure 3B). These
results suggest that there are two distinct localization-depen-
dent assembly mechanisms, the membrane-oriented one ex-
erted by MAJIN and the telomere-oriented one exerted by
TERB1 (Figure 3C). TERB2 shows a versatile nature, as it local-
ized at all telomeres inMajin/ and on the entire INM in Terb1/
(Figures 3A and 3B), consistent with the fact that TERB2 inter-
acts with both TERB1 and MAJIN (Figures 1C, 1D, and S1D).
Considering that TERB1, TERB2, andMAJIN are rarely detect-
able at yet-unattached telomeres in the physiological assembly
process (Figure 3A; internal telomeres in wild-type leptotene
spermatocytes), the membrane-oriented assembly is likely
dominant, rather than the telomere-oriented one, leading to the
sequestration of preassembled TERB1-TERB2-MAJIN complex
on the INM (Figure 3C). Indeed, the membrane-sequestered
complex became obvious when the proteins were overex-
pressed in wild-type spermatocytes (Figure 3D). In HeLa cells,
in which the meiotic program is absent, ectopically expressed
GFP or HA-MAJIN distributed on the entire INM in amanner depen-
dent on its C terminus putative transmembrane (TM) domain
(Figures S3A–S3C) and sequestered co-expressed GFP-TERB2
and TERB1-MYC to the INM (Figures S3C and S3D).
TERB1/2-MAJIN Forms the Membrane-Integrated
Telomere Attachment Structure
Our assays indicate that SUN1-KASH5 disappears from telo-
meres in all mutant spermatocytes, Terb2/, Majin/, and
Terb1/ (Figures 2E and S2G) (Shibuya et al., 2014a). In
contrast, the telomere localizations and membrane-oriented
natures of TERB1, TERB2, and MAJIN were entirely intact in
Sun1/ (Figures 3E and 3F), implying that TERB1/2-MAJIN
assembly precedes the enrichment of SUN1-KASH5 at mem-
brane-anchored telomeres. These results suggest the possibility
that telomere attachment in Sun1/ might have different char-
acteristics from those of Terb1/, Terb2/, and Majin/.
Indeed, telomere attachment defects were milder in Sun1/
than the othermutants, although they all arrested at the zygotene
stage (Figure 3G).
To examine the telomere attachment status in these mutants,
we investigated the ultrastructures of meiotic telomeres by elec-
tron microscopy (EM). The EM images of meiotic telomeres in
wild-type spermatocytes show the electron-dense conical thick-
enings of synapsed LEs and a capping structure attached to the
INM (Figures 3H and S4) (Liebe et al., 2004). These structures
were completely absent, even at the ends of synapsed LEs
near the INM, in Terb1/, Terb2/, and Majin/, while pre-
served in Sun1/ spermatocytes (Figure 3H) (Link et al.,
2014). Notably, inMajin/, the capping structure was preserved
although dissociated from the INM. In contrast, in Terb1/ and
Terb2/, the capping structure was largely disrupted, but the
conical thickenings of the LEs were partly preserved, especially
in Terb2/, without INM attachment (Figure 3H). These various
Figure 2. MAJIN-TERB2 Is Indispensable for the Meiotic Chromosome Movement
(A) Testes from 8-week-old mice of the indicated genotypes (top) and their tissue sections stained with hematoxylin and eosin (bottom). Note that post-meiotic
nuclei are observed in WT seminiferous tubules but not in those of Majin/ and Terb2/. TUNEL stainings are shown in Figure S2D.
(legend continued on next page)
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structural defects may reflect the hierarchical protein assembly
states at telomeres in thesemutants (Figure 3C). Taken together,
these results indicate that the meiotic factors TERB1/2-MAJIN
play a crucial role in positioning meiotic telomeres onto the
INM and in constructing the attachment plate in a manner inde-
pendent of SUN1-KASH5.
TRF1 and TERB1/2-MAJIN Form a Tetrameric Complex
The foregoing results suggest that TERB1/2 is sequestered to
the INM by the membrane protein MAJIN and accumulates at
telomeres only when telomeres relocate to the nuclear periph-
ery in meiotic entry (Figures 3A and 4A). Because TERB1 binds
directly to the shelterin core component TRF1 (Shibuya et al.,
2014a) and forms a 1:1 stoichiometric heterodimer even in
the presence of accessory TERB2 binding (Figures S5A–S5D),
we assumed that this molecular interaction might be a
crucial step for telomere attachment to the INM. To reconstitute
the telomere attachment process in vitro, we purified the
HIS-TERB1C-TERB2-MAJINDTM tripartite complex, mixed it
with varying amounts of HIS-TRF1, and examined DNA-binding
activity by electron mobility shift assay (EMSA) (Figures 4B and
4C). While the DNA-binding of HIS-TERB1C-TERB2-MAJINDTM
tripartite complex was weak (often forming smear bands) (Fig-
ure S5H), the addition of TRF1 enhanced DNA-binding in a
dose-dependent manner by forming a tetrameric complex (Fig-
ures 4C, lanes 3–6, and S5E). The DNA-binding of the tetra-
meric complex is telomere-DNA-specific and depends largely
on the TRF1 MYB-domain (Figures S5F and S5G). Notably,
DNA binding of the TRF1 homodimer alone is not detectable
with the excess amount of tripartite complex, indicating that
the tetrameric complex formation occurs very efficiently. We
argue that this highly efficient complex conversion form the
canonical TRF1 homodimer to the chimeric complex with
TERB1/2-MAJIN might be a key mechanism of telomere
(TRF1) attachment to the INM.
Notably, MAJIN has a basic cluster (isoelectric points [PI] = 10)
adjacent to the C terminus TM domain (Figure 4D, shown in red),
a common feature of transmembrane DNA-binding proteins
(Ulbert et al., 2006), and has DNA-binding activity that is not
sequence-specific in vitro (Figures 4E and 4F). Mutations of
the basic amino acids within the cluster (HIS-MAJINDBDTM)
severely impaired the DNA-binding activity of MAJIN (Figures(B) Ovaries from 8-week-old mice of the indicated genotypes (top) and their tissu
asterisks, corpora lutea.
(C) Left: spermatocytes of the indicated genotypes stained with the indicated ant
the indicated genotypes. SYCP3 positive spermatocytes (>2,400 cells for each ge
Zyg, zygotene (partially assembled SYCP1); Pac, pachytene (fully assembled SYC
SYCP3 accumulations at centromeres). Mean values of three independent expe
responding results of fetal oocytes are shown in Figure S2E.
(D) Quantification of TRF1 foci number with the median (n > 30 cells for each subst
from two different mice. Note that murine cells have 40 chromosomes (2n) and th
(E) Zygotene-spermatocytes of the indicated genotypes stained with the indic
Immunostainings with harsh extraction are shown in Figure S2G.
(F) Time-lapse images (30-s intervals) of live zygotene-spermatocytes of the in
visualized with Hoechst33342 (blue or monotone panels). The leftmost panels
independent telomeres from times 0:00 to 4:30. More than 15 zygotene-sperma
defects. Scale bars, 5 mm (unless otherwise indicated).
See also Figure S2.
1256 Cell 163, 1252–1266, November 19, 2015 ª2015 Elsevier Inc.4E and 4F), and this was the case also for the tripartite complex,
HIS-TERB1C-TERB2-MAJINDBDTM, but not for the tetrameric
complex containing TRF1 likely due to the predominant
DNA-binding activity of TRF1 (Figures S5H and S5I). Further,
GFP-MAJINDB exogenously expressed in Majin/ spermato-
cytes retained its abilities to localize on the INM and accumu-
lated to telomeres at the INM, likely through the formation of
the chimeric complex on the INM. However, GFP-MAJINDB only
partially rescued the telomere attachment defects of Majin/
spermatocytes, while wild-type protein almost completely
suppressed the defects (Figure 4G). Thus, we conclude that
MAJIN has DNA-binding activity on its own that is important
for the stabilization of telomere attachment on the INM.
The Telomere Cap Exchange
Zoom-in views of meiotic telomeres revealed that TERB1/2-
MAJIN colocalizes with TRF1 on the INM in zygotene (Figure 4A),
consistent with their in vitro nature to form a stable tetrameric
complex (Figure S5E). In pachytene, however, TRF1 signals
are dissociated from the TERB1/2-MAJIN region and distrib-
uted in the surrounding area to form a ring-shaped structure
(Figure 5A). Importantly, other shelterin components, TRF2,
TIN2, GFP-RAP1, GFP-TPP1, and GFP-POT1A, also behave like
TRF1 (Figure 5B). Experiments combining immunofluorescence
with in situ hybridization (FISH) for telomeric DNA demonstrated
that telomeric DNA signals co-localize with the TERB1/2-MAJIN
complex rather than the shelterin ring structure, implying that
shelterin is largely dissociated from the telomeric DNA (Fig-
ure 5C) (see Discussion). We refer to this phenomenon as the
telomere cap exchange, since the majority of telomeric DNA is
handed over from the canonical shelterin to the membrane-
bound TERB1/2-MAJIN complex. The cap exchange is not an
artifact caused by the cell-spread procedures since it was
detectable even in structurally preserved nuclei (Figure S6B).
Further, it is not due to differences in antibody accessibility,
since the immunofluorescence signal of GFP-TRF1 detected by
a GFP-antibody also showed the ring-shaped structure, while
GFP-TERB1 was localized to the center of the endogenous
TRF1-rings (Figures S6C and S6D). Collectively, these data
demonstrate that the canonical shelterin is largely dissociated
from the meiotic telomere complex after priming TERB1/2-
MAJIN on the telomeric DNA.e sections stained with hematoxylin and eosin (bottom). Arrowheads, follicle;
ibodies. Right: frequencies of meiotic stages in testes from 8-week-old mice of
notype) are classified into the following substages: Lep, leptotene (no SYCP1);
P1); Dip, diplotene (disassembled SYCP1); Met I, metaphase I (no SYCP1 and
riments from three different mice are shown. Error bars, SEM (n = 3). The cor-
age). Substages are defined in (C). Data are from two independent experiments
e number of telomeres ranges from 80 (fully unpaired) to 40 (fully paired) inWT.
ated antibodies. Immunostainings with g-tubulin are shown in Figure S2F.
dicated genotypes, expressing GFP-TRF1 and GFP-SYCP3 (green). DNA are
are pictures at the final time points (4:30) overlaid with trajectories of three
tocytes were observed for each mutant and all showed the same movement
(legend on next page)
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CDK Activity Triggers Telomere Cap Exchange
Since the expressions of M phase cyclin and cyclin-dependent
kinase (CDK) rise during prophase progression (Godet et al.,
2000; Wolgemuth et al., 2013), we wondered whether CDK
activity might be involved in the regulation of the cap exchange.
To examine this possibility, we pulse-treated wild-type sper-
matocytes with a CDK inhibitor, Roscovitine, and examined their
telomere structures. Strikingly, the characteristic ring-shaped
TRF1 signals in pachytene were totally abolished after the
Roscovitine treatment; instead TRF1 appeared as a pair of
punctate signals, likely corresponding to the synapsed homolo-
gous telomeres (Figures 5D and 5G). The punctate TRF1 signals
that appeared after the Roscovitine treatment colocalized with
MAJIN (Figure 5D), suggesting that the cap exchange is abol-
ished after CDK inhibition.
One candidate substrate of CDK involved in the cap exchange
is the threonine 647 (T647) in TERB1, an evolutionary conserved
consensus site for CDK, since our previous study demonstrated
that the TRF1-TERB1 interaction is reduced by the phosphomi-
metic mutation of T647 in TERB1 (Shibuya et al., 2014a). To
examine the in vivo phosphorylation, we raised a phospho-
specific antibody against TERB1-pT647 (pT647) (Figure 5E).
Immunostaining of spermatocytes with the antibody demon-
strated punctate signals at meiotic telomeres, and the signal
strength increased during prophase progression (Figure 5F).
We confirmed that the signals were derived from TERB1, since
they were detected at membrane-anchored telomeres in wild-
type but not in Terb1/ (Figures S6E and S6F). Accordingly,
pachytene-spermatocytes treated with Roscovitine showed
severely diminished pT647 signals (Figure 5G). Therefore, we
conclude that TERB1-T647 is phosphorylated by CDK in vivo,
especially in late prophase when the cap exchange is prominent.
Notably, the TERB1T647A mutant exhibited telomere attachment
defects when expressed in Terb1/ spermatocytes (Figure 5H),
even though the protein itself has the abilities to form a priming
chimeric complex (Figure S5J) and to localize to telomeres
at the INM, similar to wild-type protein (Figure 5H). Despite
the defect in telomere attachment, Terb1/ spermatocytes
expressing the TERB1T647A mutant finally exhibited the cap
exchange when the spermatocytes had progressed to the
pachytene-like stage (Figure 5I). Thus, phosphorylation on
TERB1-T647 is important for the stabilization of telomere attach-Figure 3. MAJIN Locally Limits TERB1/2 Assembly at the INM
(A) Equator images of spermatocytes of the indicated genotypes stained with the
Terb2/, and Terb1/) are in the zygotene stage.
(B) Zygotene-spermatocytes of the indicated genotypes expressing GFP-MAJIN (
(C) Schematic of TERB1/2-MAJIN-SUN1 assembly under the regulations of two
indicated mutants.
(D) WT spermatocytes co-expressing TERB1-MYC, GFP-TERB2, and HA-MAJIN sta
(E) Equator images of Sun1/ zygotene-spermatocytes, stained with the indicat
(F) Sun1/ zygotene-spermatocytes expressing GFP-MAJIN (left) and GFP-TERB2
(G) Equator images of structurally preserved zygotene-spermatocytes of the indica
of internal TRF1 foci with median. Data are from three independent experiment
multiple comparisons test.
(H) Electronmicroscopie images of telomeres (arrowheads) and INMs (arrows) in s
CE, central element; INM, inner nuclear membrane. Telomeres at the nuclear perip
bars, 5 mm (unless otherwise indicated).
See also Figures S3 and S4.
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other key CDK substrates that are sufficient for the cap ex-
change. Intriguingly, the DNA-binding defective mutant of
MAJIN (MAJINDB) expressed inMajin/ spermatocytes showed
a complete loss of the cap exchange, even in the pachytene-like
stage (Figure 5J). Therefore, in addition to the activation of CDK,
the direct tethering of DNA to the INM by MAJIN is necessary to
achieve the cap exchange reaction (see Discussion).
Incipient Chromosome Movement Promotes the
Telomere Attachment
It remains unexplained why a substantial number of telomeres
are detached from the INM in Sun1/, despite the fact that an
intact attachment plate is formed in this mutant (Figures 3E–
3H) (Ding et al., 2007; Link et al., 2014). Because chromosome
movements are absent in Sun1/ (Shibuya et al., 2014a),
we speculated that chromosome movement might influence
telomere attachment. To address this issue, we utilized a testis
organ-culture system (Sato et al., 2013), in which meiotic pro-
gression can be monitored for several days in vitro. Microtubule
(MT)-dependent chromosome movements were disrupted by
addition of the MT-depolymerizing drug, nocodazole, to the cul-
ture medium (Figure 6A) (Lee et al., 2015; Morimoto et al., 2012;
Shibuya et al., 2014b). We cultured testes fromwild-type juvenile
male with EdU for 3.5 days. EdU incorporation can distinguish
cells that have progressed through pre-meiotic S phase during
the time in culture (Figure 6A). As a result, cells cultured in the
presence of nocodazole rarely accomplished homolog synapsis,
while cells cultured without nocodazole did (Figure 6B). This
result is consistent with the previously established notion that
the MT-dependent chromosome movement is required for
homolog association during meiotic prophase I. Further, to our
surprise, there were prominent telomere attachment defects in
EdU-positive zygotene cells cultured with nocodazole (14 ± 4.1
internal telomeres/cell), while the defects were far less pro-
nounced in EdU-negative cells cultured with nocodazole (2 ±
4.3 internal telomeres/cell) (Figure 6C). These results suggest
that MT function is needed for faithful telomere attachment to
the INM during pre-meiotic S phase, when telomere relocation
usually takes place (Pfeifer et al., 2001). We confirmed that the
accumulations of TERB1/2-MAJIN and even SUN1 are entirely
intact at peripheral telomeres in these cultured cells (Figure 6D).indicated antibodies.WTs are in the early leptotene stage. Mutants (Majin/,
left) and GFP-TERB2 (right) stained with the indicated antibodies.
distinct gravities in spermatocytes of WT (unattached or attached) and the
ined with the indicated antibodies. Bottom, equator images.
ed antibodies.
(right) stained with the indicated antibodies.
ted genotypes stained with the indicated antibodies. Graph shows the number
s from three different mice. ***p < 0.0001, one-way ANOVA with Bonferroni’s
permatocytes of the indicated genotypes, with schematics. LE, lateral element;
hery (peri.) and in the internal domain (inter.) are magnified in (A) and (E). Scale
Figure 4. Meiotic Telomere-Binding Complex Forms a Chimeric Complex with TRF1 in Early Meiosis
(A) Peripheral images of WT zygotene-spermatocytes stained with the indicated antibodies. The pairs of juxtaposed homologous telomeres are magnified.
(B) Tripartite complex (HIS-TERB1C-TERB2-MAJINDTM) purified with a HIS-tag on TERB1C from the Escherichia coli extract co-expressing all these subunits
shown in the Coomassie-stained gel. Note that we used the truncated versions of TERB1 and MAJIN (TERB1C lacking the N terminus SUN1-binding domain,
MAJINDTM lacking the C terminus transmembrane domain) because these domains caused protein aggregations in vitro.
(C) EMSA assay with a concentration (17 pM) of the tripartite complex, HIS-TERB1C-TERB2-MAJINDTM, premixed with increasing amounts of HIS-TRF1 (lanes 3–6,
3-fold steps up to 1.7 pM). Lane 2: 17 pM of the tripartite complex. Lane 7: 1.7 pM of HIS-TRF1. Lane 1: probe alone. White arrowhead, TRF1 homodimer; black
arrowhead, the tetrameric complex (HIS-TRF1-HIS-TERB1C-TERB2-MAJINDTM). The labeled DNA probe is a restriction fragment containing nine telomere repeats,
(TTAGGG)9. The formation of the tetrameric complex was assured by the co-expression of
HIS-TERB1C, MAJINDTM, TERB2, and TRF1 in E. coli (Figure S5E).
(D) Schematic of MAJIN divided into three domains: the N terminus domain (1–138 aa), the basic cluster (139–189 aa shown in red), and the C terminus domain
(190–256 aa). The C terminus transmembrane domain is shown in gray. The isoelectric points (PI) of each domain are also shown. Amino acid sequence alignment
(legend continued on next page)
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Of note, similar attachment defects are observed in Sun1/, in
which MT polymerization is intact but chromosome movement
is impaired (Ding et al., 2007; Shibuya et al., 2014a, 2014b).
Taken together, these results suggest that the MT-dependent
chromosome movement promotes the initial telomere associa-
tion with the nuclear periphery, probably by increasing the
liquidity within the nucleus (see Discussion).
DISCUSSION
Rapid-chromosome movement along the nuclear envelope is an
evolutionary conservedmeiotic process essential for pairing and
recombination of the homologous chromosomes. Hence, a key
goal of meiosis research has been to define the regulatory mech-
anism that takes place at meiotic telomeres to develop the
movement apparatus. In this study, we identified factors respon-
sible for telomere attachment to the INM in mammalian meiosis
and uncovered the underlying hierarchical molecular mecha-
nisms. The key player is the membrane-associated junction
protein MAJIN, named also after a Japanese word representing
the ‘‘Genie in Aladdin’s Lamp.’’ MAJIN behaves as a membrane
protein and sequesters telomere adaptors TERB1/2 to the INM.
Once telomeres access the nuclear periphery during meiotic
entry, MAJIN dynamically relocalizes to telomeres on the INM
and stabilizes the attachment through a number of ingenious
strategies.
A Transmembrane DNA-Binding Protein MAJIN
MAJIN stabilizes telomere attachment partly through its own
DNA-binding activity, which maps adjacent to the TM-domain
(Figures 4D–4F). The presence of a basic segment near the
TM-domain is the common feature of the transmembrane
DNA-binding proteins, although its physiological significance
has been rarely addressed (most believe it to be involved in tran-
scriptional regulation or nuclear envelope reassembly after
mitosis) (Ulbert et al., 2006). Our analyses show that a mutation
in the DNA-binding domain of MAJIN impairs its DNA binding ac-
tivity and in vivo function in tethering telomeres to the INM. Our
data suggest that the DNA-binding activity of MAJIN is relatively
weak compared to that of TRF1 (1/100 that of TRF1) and not
specific for the telomere repeat sequence (Figure 4F). We, there-
fore, reason that the incipient telomere attachment is mediated
primarily by the protein-protein interaction between TERB1
and TRF1, and the interaction of MAJIN with the telomeric
DNA may develop after the priming attachment, establishing
direct linkage between telomeric DNA and the lipid bilayer.of the C terminus basic domains of MAJIN homologs (bottom). The basic amino
underlined.
(E) Gel-filtration elution profiles of HIS-MAJINDTM (1–229 aa), WT (top) or the DNA
similar homooligomer. Red arrowheads, the peaks.
(F) EMSA assay with HIS-TRF1, HIS-MAJINDTM (WT), and HIS-MAJINDBDTM (DB). T
repeats (TTAGGG)9 (left 10 lanes) or scrambled repeats (GATGGT)9 (right 10 lanes
those of HIS-MAJINDTM (both WT and DB) are 400 pM, 200 pM, and 100 pM. Left
(G)Majin/ spermatocytes expressing GFP-MAJIN (WT), GFP-MAJINDB (DB), or co
bottom. Graph shows the number of internal TRF1 foci in each cell with the me
periphery (peri.) and in the internal domain (inter.) are magnified. ***p < 0.0001, u
See also Figure S5.
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ported in fission yeast, in which a ubiquitous INM protein com-
plex Bqt3/4 associates with a shelterin protein Rap1 and tethers
telomeres to the nuclear periphery. This Bqt3/4-mediated telo-
mere-INM interaction is maintained in vegetative cells and
becomes a prerequisite for the recruitment of the SUN-KASH
complex in meiosis (Chikashige et al., 2009). Although their over-
all amino acid sequences are diverged, both Bqt4 and MAJIN
have a single TM-segment on their extreme C termini, which is
a hallmark of tail-anchored proteins. Moreover, Bqt4 has a he-
lix-turn-helix motif, a putative DNA-binding domain. The basic
cluster in MAJIN is also predicted to compose a helix-turn-helix
motif, and residues mutated in our DNA-binding defective
mutant reside in the second helix, known to function in a direct
DNA binding (NPS server; https://npsa-prabi.ibcp.fr/). Therefore,
we propose that MAJIN could be an evolutionary relative of
fission yeast Bqt4 and specified for meiotic telomere-INM
attachment in vertebrates.
The Telomere Cap Exchange
Our analyses indicate that after the establishment of priming
attachment, the cap exchange takes place depending on
CDK activity, which increases gradually throughout prophase.
TERB1-T647 is a substrate of CDK, the phosphorylation of which
reduces the binding affinity between TERB1 and TRF1, and thus
might facilitate release of TRF1 from the priming chimeric com-
plex. However, there might be another CDK target sufficient for
the cap exchange since the TERB1-T647A mutant does not pre-
vent the cap exchange. Further, not only TRF1 but whole shel-
terin complex is displaced from telomeres at the time of cap
exchange (Figure 5B), suggesting that there must be regulations
beyond the resolution of TRF1-TERB1, such as the direct phos-
phorylations of TRF1 and TRF2 as observed in mitosis (Hayashi
et al., 2012;McKerlie and Zhu, 2011). Crucially, theMAJIN-medi-
ated association between DNA and the membrane is essential
for triggering the cap exchange in addition to the CDK activation.
Taken together, it is tenable that the electrostatic repulsion,
at the hydrophobic environment very close to the lipid bilayer,
may drive the shelterin away from the membrane-attached
telomeres, especially when the affinity between shelterin and
telomeric-DNA is diminished by CDK activity.
Because the binding of shelterin to telomeric DNA is constitu-
tively required to prevent the DNA-damage-response at telo-
meres (Palm and de Lange, 2008), the cap exchange is quite
a surprising phenomenon on its own. It is possible that the
TERB1/2-MAJIN complex overcomes the requirement of theacids are shown in red. Alanine substitutions in the basic cluster domain are
-binding mutant (DB) (bottom). Note HIS-MAJINDTM and its DB mutant form a
he labeled DNA probes are restriction fragments containing nine of telomere
). The dilution series of HIS-TRF1 are 1/2-fold steps, 4 pM, 2 pM, and 1 pM and
most lanes: probe alone.
ntrol () stained with the indicated antibodies. Equator images are shown at the
dian. Scale bars, 5 mm (unless otherwise indicated). Telomeres at the nuclear
npaired t test.
(legend on next page)
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canonical protective function of shelterin by limiting the accessi-
bility of damage-response proteins in the hydrophobic environ-
ment at the lipid bilayer. Notably, although shelterin is largely
dissociated from the region stained by telomeric FISH after the
cap exchange, it still remains at the proximal region forming a
ring-shaped structure (Figure 5C). These shelterin pools after
the cap exchange may be maintained in preparation for their
rapid returns to the telomeric DNA after prophase I or, more
actively, to act as a structural element reinforcing the telomere
attachment plate. Otherwise, the shelterin ring would have
distinct functions, such as the canonical repressive roles against
the activation of the DNA damage response or in the develop-
ment of the telomere extension machineries, which takes place
during gametogenesis (Siderakis and Tarsounas, 2007; Thilaga-
vathi et al., 2013). Future studies will address these newly arising
questions.
An Attachment and Movement Are Mechanically
Distinct Processes but Are Coordinated via Feedback
The SUN-KASH transmembrane complex is a conserved key
regulator of the meiotic chromosome movement, a prerequisite
for homolog pairing and recombination in various eukaryotic
species. It is widely believed that the SUN-KASH complex medi-
ates both the attachment and movement of meiotic telomeres
(Link et al., 2015), becausemutations in SUN-KASH cause signif-
icant defects in both pathways in some organisms, including
budding yeast and mammals (Bupp et al., 2007; Ding et al.,
2007; Horn et al., 2013; Schober et al., 2009). However, telomereFigure 5. Telomere Cap Exchange
(A) Equator (left) or peripheral (right) images of WT pachytene-spermatocytes sta
TRF1 (shelterin) and the meiotic telomere binding complex (TERB1/2-MAJIN) at t
TERB2, and SUN1 are shown in Figure S6A.
(B) Peripheral images ofWT pachytene-spermatocytes stained for TRF1 (red), TIN
POT1A were examined by expressing GFP-fusion proteins, followed by immunos
the shelterin complex.
(C) Peripheral images of WT pachytene-spermatocytes stained with the indicate
FISH) (green).
(D) Peripheral images ofWT pachytene-spermatocytes, treated with either CDK in
indicated antibodies.
(E) Schematic of the domain composition of TERB1 with the position of T647 (
Myb-like domain. Western blot of recombinant MBP-TERB1-TRFB (523–699 aa), W
western blot, the proteins were phosphorylated in vitro with (+) or without () recom
of ATP. AB, Amido black staining of the membrane.
(F) WT spermatocytes stained with the indicated antibodies. The graph shows re
relative intensities in each meiotic substage are normalized to that in the diplotene
measured in each cell (total ten cells for each substage). Error bars, SD. The signal
of TERB1 are shown in Figures S6G and S6H.
(G) Magnified images of synapsed telomeres, at the nuclear peripheries of WT p
control DMSO (+DMSO) for 2 hr and stained with the indicated antibodies. The gr
values of three independent experiments from three different mice, normalized
measured in each cell (total 30 cells). Error bars, SEM (n = 3).
(H) Terb1/ spermatocytes expressing GFP-TERB1 (middle), GFP-TERB1T647A (righ
shown at the bottom. The graph shows the number of internal TRF1 foci in each ce
two different mice.
(I) Peripheral images of Terb1/ spermatocytes, progressed to the pachytene-lik
and stained with the indicated antibodies. Note that the cap exchange normally
(J) Peripheral images ofMajin/ spermatocytes progressed to the pachytene-lik
stained with the indicated antibodies. Note that the cap exchange normally occur
otherwise indicated). *p < 0.05, ***p < 0.0001, unpaired t test.
See also Figures S6 and S7.
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ular mechanisms beyond the SUN-KASH complex, as proposed
for the fission yeast membrane proteins Bqt3/4 and budding
yeast Esc1 (Chikashige et al., 2009; Mekhail and Moazed,
2010). That is also the case in nematode meiosis, where muta-
tions in the SUN-domain protein impair themovements of pairing
centers (corresponding to telomeres), but their attachments to
the INM are perfectly maintained by unknown regulatory mech-
anisms (Sato et al., 2009). Our present study revealed that the
attachment and movement of meiotic telomeres are separately
regulated by two distinct meiosis-specific transmembrane com-
plexes, TERB1/2-MAJIN and SUN1-KASH5, in mammals.
Our analyses reveal that the suppression of incipient telomere
movement by MT-depolymerization significantly reduces the
efficiency of telomere attachment as seen in Sun1/, while
some telomeres are perfectly attached to the INM depending
on TERB1/2-MAJIN. Thus, the incipient telomere attachment
andmovement might be initiated at telomeres that stochastically
locate near the INM, possibly with the support of preceding
movement of heterochromatin to the nuclear periphery (Scher-
than et al., 2014). Because chromosomes are highly entangled
in early prophase (Koszul and Kleckner, 2009; Storlazzi et al.,
2010), the incipient telomere movement might facilitate the
overall chromosome motion within the nucleus, including the
movements of yet-unattached chromosomes, and promote their
attachments. Thus, our study reveals the coordinated feedback
regulation between telomere attachment and chromosome
movement (Figure 7).ined with the indicated antibodies. Top schematics show relative positions of
elomeres in pachytene spermatocytes. The colocalizations of TERB1, MAJIN,
2/TRF2/GFP (green), and SYCP3 (blue). The localizations of TPP1, RAP1, and
tainings with GFP antibody. Top schematic shows the protein composition of
d antibodies. Telomeric DNA are visualized by FITC-labeled FISH-probe (Tel-
hibitor (+Roscovitine) or control DMSO (+DMSO) for 2 hr, and stained with the
top). N terminus, SUN1-binding domain; TRFB, TRF1-binding domain; MYB,
T, or T647A mutant, immunoblotted with pT647 antibody (bottom). Prior to the
binant cyclin B-CDK1 complex (CyB-CDK1) in the presence (+) or absence ()
lative signal intensities of pT647 at telomeres in comparison with TERB1. The
stage (Dip). Lep, leptotene; Zyg, zygotene; Pac, pachytene. Ten telomeres are
intensities of pT647 are shown in Figure S6I. The stainings and signal intensities
achytene-spermatocytes, treated with either CDK inhibitor (+Roscovitine) or
aph shows the relative signal intensities of pT647 in corresponding cells. Mean
to the control (DMSO), are shown. In each experiment, five telomeres are
t), or control () (left) stained with the indicated antibodies. Equator images are
ll with the median indicated. Data are from two independent experiments from
e stage following the expression of GFP-TERB1 (left) or GFP-TERB1T647A (right),
occurs in both situations.
e stage following the expression of GFP-MAJIN (left) or GFP-MAJINDB (right), and
s in cells expressing GFP-MAJIN but not GFP-MAJINDB. Scale bars, 5 mm (unless
Figure 6. Incipient Telomere Movement Promotes the Telomere Attachment in Meiotic Entry
(A) Schematic of the in vitro organ culture. Testes undergoing the first wave of spermatogenesis (9 days post-partum [dpp]; the majority of spermatocytes are at
pre-meiotic S to early leptotene stage) were cultured on an agarose gel half-soakedwithmedium containing EdU and nocodazole/DMSO. After 3.5 days in culture
(12.5 dpp; the majority of spermatocytes are at pachytene stage), cells were collected from the organ, fixed, and stained.
(B) Frequencies of meiotic stages after organ culture. SYCP3-positive spermatocytes, from cultures with (+) or without () nocodazole are divided into two
populations, EdU incorporated (+) or unincorporated (). Substages are defined in Figure 2C. Mean frequencies of three independent cultures are shown (>200
cells for each condition). Error bars, SEM (n = 3). Representative cells (right), stained with the indicated antibodies and EdU.
(C) Equator images of zygotene-spermatocytes after organ culture stained with the indicated antibodies and EdU. The graph shows the number of internal TRF1
foci in zygotene-spermatocytes with themedian. Zygotene-spermatocytes from cultures with (+) or without () nocodazole, are divided into two populations, EdU
incorporated (+) or unincorporated (). Data are from three independent cultures.
(D) Equator images of zygotene-spermatocytes after organ culture stained with the indicated antibodies. ***p < 0.0001, unpaired t test. Scale bars, 5 mm.Meiosis-Specific Reformation of the INM
Our identification and characterization of the meiosis-specific
nuclear membrane complex, TERB2-MAJIN, highlight the elabo-
rate cross regulations between themeiotic nuclear envelope and
telomeres. Previous studies in mice also hinted at the drastic ref-
ormations of INM proteins taking place specifically in meiosis,
such as the expression of meiosis-specific short isoform of lam-
ina protein, lamin C2 (Alsheimer et al., 1999; Jahn et al., 2010;
Link et al., 2013), and the reorganization of nuclear pore complex
(Scherthan et al., 2000), which may influence the telomere
mobility within the INM. Further, the redistribution of SUN1
from the whole INM to the telomere attachment sites requires
the meiosis-specific phospho-modifications on its N terminus
domain, that are mediated possibly by CDK2 in mammals (Mar-Ctinerie et al., 2014; Viera et al., 2015), as do CHK2 and PLK2 in
nematode (Harper et al., 2011; Labella et al., 2011; MacQueen
and Villeneuve, 2001; Penkner et al., 2009). Thus, emerging evi-
dences indicate that there are extensive protein networks that lie
underneath the INM of the nuclear envelope in meiosis. The
future goals in this field will be to identify factors involved in the
INM network and understand the interplay between them.
Such studies will provide an important clue to solve the issues
of human infertility and a wide range of diseases related to the
INM dysfunction (Me´jat and Misteli, 2010).EXPERIMENTAL PROCEDURES
Detailed methods are described in the Supplemental Experimental Procedures.ell 163, 1252–1266, November 19, 2015 ª2015 Elsevier Inc. 1263
Figure 7. Schematic of Meiosis-Specific Telomere Regulations in Mammals
The meiotic telomere complex, TERB1/2-MAJIN, is sequestered to the inner nuclear membrane (INM) by the transmembrane DNA-binding protein MAJIN
(meiotic entry). The priming telomere attachment is achieved via the formation of the chimeric complex, TRF1-TERB1/2-MAJIN, initially at telomeres located
stochastically at the nuclear periphery. The downstream accumulation of SUN1-KASH5 to the telomere attachment site triggers the incipient chromosome
movement by linking telomeres to the microtubule cables surrounding the cytoplasmic surface of the outer nuclear membrane (ONM) and its associated dynein-
dynactin motors. The incipient chromosome movement further facilitates telomere attachment by producing liquidity within the nucleus (early prophase). In mid
prophase, the shelterin complex, including TRF1, is removed from themembrane-anchored telomeres dependent on the CDK activity and direct DNA-membrane
interaction mediated by MAJIN (telomere cap exchange).Animal Experiments
Knockout mice for Sun1 and Terb1 were reported earlier (Ding et al., 2007;
Shibuya et al., 2014a). All knockout mice were congenic with the C57BL/6J
background. Animal experiments were approved by the Institutional Animal
Care and Use Committee (approval 2711).
Electrophoretic Mobility Shift Assay and In Vitro Phosphorylation
Assay
To prepare the DNA probes, EcoRI/NotI fragments containing six or nine telo-
mere repeats (TTAGGG) or scrambled repeats (GATGGT) were radio-labeled
with [a-32P] dCTPbyKlenowenzyme. Proteinsweremixedwith 0.5 ng of labeled
probes for one reaction in binding buffer (20mMHEPES-KOH [pH7.9], 5%glyc-
erol, 4% Ficoll, 0.5 mg poly[dI-dC], 4 mM DTT, 100 mM NaCl, 1 mM MgCl2,
0.1 mM EDTA) and electrophoresed in a 5% nondenaturing polyacrylamide gel
in 0.53 Tris-borate-EDTA (TBE) at room temperature (RT). For in vitro phosphor-
ylation, 1 ml of 100 mM ATP and 1 ml of recombinant cyclin B-CDK1 complex
(NEB; P6020L) were incubated with the substrate proteins at 30C for 1 hr.
Gel Filtration
Gel filtration was conducted on an ENrich SEC 650 column (Bio-Rad) in a
buffer containing 600 mM NaCl, 0.1% NP-40, and 20 mM Tris-KCl (pH7.5).1264 Cell 163, 1252–1266, November 19, 2015 ª2015 Elsevier Inc.Fractions (500 ml) were collected. The peaks generated by the Gel Filtration
Standard (Bio-Rad; #151-1901) are marked in each figure.
Testis Organ Culture
Testis organ culture was performed based on the previous study with some
modifications (Sato et al., 2013). Briefly, testes from 9 days post-partum
(dpp) male mice were chopped into three to four pieces 1–3 mm in diameter
with forceps and placed on the agarose gels soaked in the organ culture me-
dium, 23 DMEM (Sigma). To label cells progressing to pre-meiotic S phase
during organ culture, 2 mM of EdU (Life Technologies; C10340) was supplied
to the medium. To suppress microtubule-dependent chromosome move-
ments, 5 mM of nocodazole (or the same volume of DMSO as a control) were
supplied. After 3.5 days in culture, cells were collected from the organ and
subjected to the EdU labeling and immunostaining.
Immuno-FISH Assay
Immuno-FISH assay was carried out based on a previous study (Ding et al.,
2007). In brief, spermatocyte spreads were treated with RNase A (100 mg/ml)
at 37C for 30 min in 23 saline sodium citrate (SSC), denatured at 85C for
10 min with fluorescein isothiocyanate (FITC)-labeled TelC (CCCTAA)3 PNA
probe (Panagene), and hybridized for 4 hr at 37C. Preparations were washed
sequentially in 50% formamide/0.53 SSC (twice) and 13 SSC (twice) at 42C
for 5 min each time. The preparations were co-labeled with antibodies.
Statistical Analysis
Kruskal-Wallis one-way ANOVA with Bonferroni’s multiple comparisons test
was performed in Figure 3G and Student’s t tests were performed in Figures
4G, 5G, 5H, and 6C using GraphPad Prism version 5.0d (GraphPad Software).
Statistical analyses were performed for technical variability (n = 3 experiments)
otherwise indicated.
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